Background: The evolutionary dynamics of repeat sequences is quite complex, with some duplicates never having differentiated from each other. Two models can explain the complex evolutionary process for repeated genes-concerted and birth-and-death, of which the latter is driven by duplications maintained by selection. Copy number variations caused by random duplications and losses in repeat regions may modulate molecular pathways and therefore affect phenotypic characteristics in a population, resulting in individuals that are able to adapt to new environments. In this study, we investigated the filaggrin gene (FLG), which codes for filaggrin-an important component of the outer layers of mammalian skin-and contains tandem repeats that exhibit copy number variation between and within species. To examine which model best fits the evolutionary pathway for the complete tandem repeats within a single exon of FLG, we determined the repeat sequences in crab-eating macaque (Macaca fascicularis), orangutan (Pongo abelii), gorilla (Gorilla gorilla), and chimpanzee (Pan troglodytes) and compared these with the sequence in human (Homo sapiens). Results: In this study we compared concerted and birth-and-death evolution models, commonly used for gene copies. We found that there is high nucleotide diversity between filaggrin repeat regions, which fits the birth-anddeath model. Phylogenetic analyses also suggested that independent duplication events created the repeat sequences in crab-eating macaques and orangutans, while different duplication and loss events created the repeats in gorillas, chimpanzees, and humans. Comparison of the repeat sequences detected purifying selection within species and lineage-specific duplications across species. We also found variation in the length of the repeated region within species such as chimpanzee and crab-eating macaque. Conclusions: We conclude that the copy number variation in the repeat sequences of FLG between primates may be a consequence of species-specific divergence and expansion.
Background
The evolution of gene families and tandem repeat regions has been a controversial issue in evolutionary genetics because most of the repeat regions do not follow the conventional divergent model. In this model, each duplicate acquires a new function and gradually separates. However, repeated genes often maintain their original functions and are more similar within species than among related species [1] .
Two alternative models of evolution have been proposed to explain this nondivergent evolutionary pattern in repeated gene families: concerted and birth-anddeath. In the concerted model, mutations that occur in one repeat spread to the other repeats by unequal crossover or gene conversion, maintaining homogeneity among the repeats. This results in a low level of diversity of repeats within a species, and the sequences of the repeats being more similar within a species than between species. In the birth-and-death model, new repeat genes diversify by silent nucleotide substitutions. Some repeats are maintained and amplified for a long time under purifying selection, whereas others are deleted or become nonfunctional as a result of deleterious mutations, which can lead to a change in the number of copies between species. Thus, there is a high level of diversity between repeats, and genes have a close interspecies pattern [1] [2] [3] [4] . In this study, we applied these models to improve our understanding of the evolution of the filaggrin gene (FLG), which contains coding tandem repeats and copy number variations between and within species. We investigated whether the repeat sequences of FLG in primates have evolved according to the concerted or birth-and-death model.
FLG encodes profilaggrin protein which is dephosphorylated and degraded to monomeric filaggrin repeats and then further proteolyzed to aminoacids. Profilaggrin, filaggrin repeats and aminoacids are localized in the outer layers of the epidermis and have important functions in skin. Glutamine is converted into pyrrolidone-5-carboxylic acid (PCA) and histidine is deiminated to cis-urocanic acid (UCA). PCA and UCA serve important functions as protecting against UV irradiation, maintaining the acidic pH, being involved in the local immune response, and maintaining overall homeostasis [5, 6] . FLG consists of three exons, with the repeat region being found on the third. The filaggrin repeat region consists of complete repeats that are flanked by two partial repeats (Additional file 1: Figure S1 ). The complete repeats are responsible for the function of this protein in the skin. The number of complete repeats varies from 10 to 12 within human (Homo sapiens) individuals and populations. This copy number variation is associated with the quantity of filaggrin expressed in the epidermis [6] [7] [8] [9] [10] . Several nonsynonymous variants in the repeat region have also been reported to be associated with various dry skin disorders, particularly atopic dermatitis and ichthyosis vulgaris [7, 11] .
Comparative genomic studies have revealed that the structure of FLG is similar in human, mouse (Mus musculus), and dog (Canis lupus familiaris). However, the number of complete repeats and the length of repeats differ between species [12, 13] . These differences can be recognized as an example of structural variations resulting from species-specific duplication or loss events. Structural variations are a major source of morphological differences, which may allow individuals to adapt to new environments and accelerate divergence between species [14] [15] [16] [17] [18] . Comparison of closely related species with short divergence times allows us to better understand the mechanisms leading to rapid divergence. In this study, we investigated variations in the repeat region of FLG among five species of primates: crab-eating macaque (Macaca fascicularis), orangutan (Pongo abelii), gorilla (Gorilla gorilla), chimpanzee (Pan troglodytes), and human and inferred whether the concerted model or the birth-and-death model best fits the evolutionary pathway for these complete tandem repeats.
Results

FLG sequences in primates
FLG is localized on chromosome 1 of crab-eating macaque, orangutan, gorilla, chimpanzee, and human. In human, it consists of three exons, with the repeat region being found on the third. Neither exons other than exon 3 nor introns have filaggrin repeated units. The DNA sequences of FLG were obtained from the National Center for Biotechnology Information (NCBI) gene database (http://www.ncbi.nlm.nih.gov/gene/) for the following primate species: H. sapiens (NC 000001.11), P. troglodytes (NC 006468.3), G. gorilla (NC 018424.1), P. abelii (NC 012591.1), and M. fascicularis (NC 022272.1). These were compared with the repeat region in human by carrying out a dot-matrix analysis using the Harrplot program, and the matched sequences were then compared with individual partial and complete repeats of human FLG. This allowed us to reconstruct the number and order of the repeats in these primate species.
The estimated number of complete repeats differed between species, as shown in Fig. 1 . It has previously been reported that the length of these complete repeats ranges from 972 to 975 bp [5] . Based on this, we noted that there were several gaps in some of the complete repeats in orangutan from the NCBI database, and one of the partial repeats was not identified in gorilla. Furthermore, the complete repeats with gaps resulted in unframed repeats, which may produce truncated proteins (Additional file 1: Figure S2A and B). This finding implies that the sequences of FLG for these primates that were obtained from the NCBI database are also likely to have been incomplete.
Sequencing of large and nearly identical repeated structures is a challenging task, and the presence of exonic copy number variation increases complexity of the sequence analysis [5] . Therefore, to overcome these difficulties and determine the complete nucleotide sequences of FLG, we combined two different sequencing platforms: PacBio RS II and Illumina MiSeq. The long reads (>8 kb) generated by PacBio RS II were used to determine the overall structure of the repeat regions as an initial reference. To compensate for the high error rate of PacBio RS II, reads generated by MiSeq were then mapped to the initial reference to determine error-corrected sequences of FLG for each of the primates [19, 20] . In the resulting sequences, there were no gaps in the complete repeats, and two partial repeats were retrieved for all species. The sequences we acquired altered the number of complete repeats to 10 repeats for human, chimpanzee, and gorilla, 9 repeats for orangutan, and 12 repeats for crab-eating macaque (Fig. 1 ). In the subsequent analyses, each of the repeats was considered as an independent unit.
Phylogenetic analysis of complete repeats across species
Based on the results of the multiple sequence alignment for all of the repeats (Additional file 1: Table S2A and B), we constructed phylogenetic trees using the maximum parsimony, neighbor-joining, and maximum likelihood methods, with a cutoff value of 50% due to the high similarity of the repeats, as described in the Methods section. Crab-eating macaque was used as an out-group ( Fig. 2 ; Additional file 1: Figure S3A and B).
All three methods gave similar phylogenetic trees. All complete repeats in crab-eating macaque and orangutan grouped into their own clusters ("crab-eating macaque cluster" and "orangutan cluster," respectively), whereas the complete repeats in gorilla, chimpanzee, and human scattered across species in a large cluster ("gorilla/chimpanzee/human cluster") ( Fig. 2 ). This large cluster contained nine subclusters of repeats among species. However, with the exception of subclusters "F" and "H", their counterparts were not in order-for example, chimpanzee-repeat 4 gathered with human-repeat 2 (Fig. 2 ). To further confirm the intra and inter species clustering in primates, we added repeats of mouse and dog and then constructed maximum parsimony, neighbor-joining, and maximum likelihood methods, with a cutoff value of 50% and observed the same phylogeny (Additional file 1: Figure S4A , B and C).
The clusters of crab-eating macaque and orangutan repeats suggest that unique ancestral repeats were duplicated in these two primate species. The finding that human, chimpanzee, and gorilla repeats clustered together, but with limited conservation in the order of the repeat sequences, suggests that these three species share several ancestral repeats, and that random duplication and loss events occurred independently in each of the three species.
The main difference between the concerted and birth-and-death models of evolution is the high levels of intragenic nucleotide diversity that are only found in the latter [1] [2] [3] [4] . We calculated the total number of sites showing variation and the nucleotide diversity (π) between complete repeats of FLG using the DNAsp5 program, as described in the Methods section. The estimated π for human, chimpanzee, gorilla, orangutan, and crab-eating macaque was 7.7 × 10 −2 , 7.5 × 10 −2 , 6.1 × 10 −2 , 7.7×10 −2 , and 3.2 × 10 −2 , respectively ( Table 1 ). We then compared the π of FLG with that of polyubiquitin genes and rDNA genes, which are representative multigene families that have evolved under birthand-death evolution and concerted evolution, respectively [2, 21] . The π of FLG was comparable with that of polyubiquitin genes (range = 88.6 × 10 −3 to 197 × 10 −3 ) and much larger than those of rDNA genes (range = 0.01 × 10 −3 to 0.18 × 10 −3 ) [2, 21] . This suggests that FLG repeats have evolved under the birth-and-death model.
Selection within the repeats of each species
The driving force that maintains repeats in the birth-anddeath model is selection. Under purifying selection, the number of nonsynonymous variations in a gene is expected to be smaller than the number of synonymous Partial and complete repeat sequences of FLG in human, chimpanzee, gorilla, orangutan, and crab-eating macaque. Left shows the repeat order of FLG in these primates based on the sequences from the National Center for Biotechnology Information database; the gorilla sequence had an unframed repeat at the end of the sequence, and the orangutan sequence had unframed repeats in the middle. Right shows the repeat order of FLG sequences acquired through the use of both PacBio RSII and MiSeq in this study. Black = partial repeats, white = complete repeats, and gray = regions with gaps. The nucleotide length of each repeat is shown beneath each repeat. The number of repeats varies between species variations. Purifying selection can be measured by making pairwise comparisons ((1 − Ka/Ks) × 100), which indicate the percentage of synonymous mutations [22] .
We found that the average percentage of synonymous substitutions for human, chimpanzee, gorilla, orangutan, and crab-eating macaque was 31.49, 38.91, 29.90, 33.19, and 70.96%, respectively (Table 1) . Although nucleotide substitutions were generally synonymous, we found 12 pairs of complete repeats within species with higher nonsynonymous variations: two pairs in human repeats crab-eating macaque cluster
Maximum likelihood tree reconstruction using all complete repeats in these primates and the following parameters: partial deletion option, Tamura-Nei model with gamma distribution and invariable sites, nearest-neighbor-interchange heuristic method, 1000 bootstrap resampling, and a cutoff value of 50%. Bootstrap values are shown at the beginning of each branch. Crab-eating macaque was used as an outgroup. Crab-eating macaque repeats and orangutan repeats grouped into their own clusters ("crab-eating macaque cluster" and "orangutan cluster," respectively). By contrast, the gorilla repeats, chimpanzee repeats, and human repeats are scattered across the "gorilla/chimpanzee/human cluster." We divided the "gorilla/chimpanzee/human cluster" into subclusters in accordance with the reconciled tree reconstruction shown in Fig. 3 (R3-R7 and R3-R10), two pairs in chimpanzee repeats (R3-R6 and R3-R10), and eight pairs in gorilla repeats (R1-R8, R2-R7, R2-R8, R2-R9, R3-R8, R5-R8, R7-R8, and R8-R9). None of the pairs of repeats in crab-eating macaque and orangutan had Ka/Ks > 1 (Additional file 1: Table S4 ).
Codons and branches under selection across species
In humans, it has been suggested that several amino acid substitutions of FLG may have evolved under positive selection [5, 8, 23] . While homozygous null-mutations of FLG are associated with a variety of skin disorders, individuals expressing heterozygous null-mutations show a less severe phenotype and could acquire immunity via the skin barrier. Population-specific mutations have also been reported, which rules out genetic drift [5, 23] . In this study, we detected high Ka/Ks ratios (>1) in our within-species comparisons. Therefore, we investigated whether similar variations in FLG were also present in other primates by searching for signatures of positive selection in the complete repeats across species using phylogenetic analysis by maximum likelihood (PAML) software [4, 24, 25] , as described in the Methods section.
First, we carried out two site-based tests for each codon of the complete repeats, in which we compared models with positive selection and neutral/negative selection (M1a (nearly neutral) vs M2a (positive selection) models and M7 (beta) vs M8 (beta and ω)). In both of these tests, the results supported the presence of positive selection for 14.13 and 10.8% of codons, respectively; in FLG complete repeats (Table 2) .
Second, we investigated whether selective pressures differed between branches of the phylogenetic tree by a branch-based test. The result of this test was not significant, suggesting that each branch has not evolved independently, and that either all branches have evolved at the same rate or certain branches have evolved at similar rates (Table 2) .
Third, we performed branch-site tests to detect signatures of positive selection at specific branches. Since the phylogenetic analyses outlined previously showed that the complete repeats were grouped into three clusters (crab-eating macaque cluster, orangutan cluster, and gorilla/chimpanzee/human cluster), we searched for the positively selected codons in the main branches of these clusters. We identified positively selected codons in the branches of the orangutan cluster and gorilla/chimpanzee/human cluster (Table 2) , with the signature of positive selection identified at codon 26 in both of these branches. We used the repeat sequences aligned to human-repeat 1 when we performed the search for signatures of positive selection by maximum likelihood (PAML) software; therefore the positively selected codon refers to codon 26 in human-repeat 1. The known functional domains of filaggrin are located in a linker region at amino acids 11-20 and a cleavage region for caspase-14 at amino acids 162-165 or 171-174 [23, 26, 27] . The positively selected amino acids identified in this study were not located in these domains (Table 2 ). However, it is possible that the positively selected codons detected in this study are located in as-yet-unknown functional domains.
Crab-eating macaque and orangutan have evolved under the birth-and-death model by recent gene duplication
Under the birth-and-death model of evolution, multigene families are not only expected to have high levels of nucleotide variation but also an interspecies geneclustering pattern in the phylogenetic analysis. We only found high nucleotide variation, purifying selection, and an interspecies repeat cluster in the complete repeats in gorilla, chimpanzee, and human. The other two species (crab-eating macaque and orangutan) had high nucleotide variation and purifying selection but an intraspecies repeat clusters.
Intraspecies repeat clusters can occur if the repeats are under recent duplication. Therefore, to further characterize the evolutionary process behind the intraspecies repeat clusters detected in crab-eating macaque and orangutan, we constructed reconciled and divergence trees [28] [29] [30] , the parameters for which are described in the Methods section. These two trees suggest that the original crabeating macaque repeat duplicated 28 Mya, and that each branch has undergone a series of five duplications in the past 5.5 Mya. By contrast, the original orangutan repeat separated 21 Mya, and the current nine repeats were created by one divergence event and seven subsequent duplications during the last 18 Mya (Figs. 3a, b and 4) .
We also found that gorilla, chimpanzee, and human have their own duplication events. For example, the four repeats in gorilla (R3, R5, R7, and R9) gathered within the gorilla/chimpanzee/human cluster in the phylogenetic tree ( Fig. 3a and b ). By combining the information about the subclusters from the phylogenetic tree with the duplication and loss events from the reconciled tree, we were able to infer the evolution of the complete repeats in each species. We named each of the subclusters from "A" to "I," according to the order of the repeat sequences in human, for example, the subcluster containing the first repeat in human was defined as subcluster "A." We found that the order of these subclusters was largely conserved between human and chimpanzee ( Fig. 5 ). In contrast, the order of the subclusters in gorilla differed from those of human and chimpanzee, suggesting specific duplications in this species (Fig. 5 ).
Here we named chimpanzee-repeat 9 as "I", this repeat did not cluster with any other repeats but the reconciled analysis showed that the counterpart of human was lost. These results suggest that during a period of divergence, each species has gone through independent duplication and loss events, which has led to the creation of a unique set of repeats and their own clusters.
Repeat variation found in crab-eating macaque and chimpanzee
In human, the number of FLG complete repeats varies from 10 to 12 within individuals and populations [6, 7] . Taking the variation described in human into consideration, we performed PCR of the repeated region for additional primate samples. Gel electrophoresis result showed that the size in chimpanzee and macaque samples varied suggesting the possibility of repeat variation in these species as seen in human (Additional file 1: Figure S6 ).
Discussion
The repeat region of FLG consists of nearly identical complete repeats. However, the number of complete repeats differs between species, as previously reported in mouse and dog [12, 13] . In this study, we demonstrated that the DNA sequences obtained from the NCBI database were not complete and contained several gaps. Therefore, we performed re-sequencing at FLG in four primate species using PacBio RSII and MiSeq and were able to resolve the gaps and determine the full length of the repeat sequences of FLG in each species. This led to the detection of 10 repeats for human, chimpanzee, and gorilla, 9 repeats for orangutan, and 12 repeats for crabeating macaque (Fig. 1 ).
It has previously been reported that gene-associated tandem repeats act as an accelerator of evolution by generating variation in structure and functionality [15] . Birth-and-death model has been used to explain multigene families evolution. Under the birth-and-death model, duplicates vary by silent nucleotide variations, which, with enough divergence time, can lead to lineage-specific expansions. We detected this pattern of evolution in the repeats of crab-eating macaque and orangutan using both reconciled and divergence trees (Figs. 2, 3a and b, and 4) and was corroborated by including the repeats of mouse and dog in the reconciled tree (Additional file 1: Figure S4D ) [12, 13] . The clusters of species-specific repeats may reflect the high nucleotide diversity together with duplication and loss events in each species (Table 1) , which seems to fit the birth-and-death model [4, 21, 22] . The main driving force of the birth-anddeath model are duplications maintain by selection, which we found evidence for in FLG. Macaque repeats had the lowest nucleotide variation, the highest purifying rate and interspecies gene-clustering pattern in phylogeny analyses, most likely due to the recent repeat duplication that we reported (Table 1; Figs. 3 a, b, 4 and 5; Additional file 1: Table S4 ). High synonymous variation has previously been found in most genes under the birth-and-death model of evolution, including actin in flagellate protists (dinoflagellates) and the ubiquitin gene family [21, 31] . Under the birth-anddeath model of evolution, duplication and loss events are not caused by gene conversion. Gene conversion is an unlikely event for FLG repeats because they are located in one exon, and there is no gene family. We examined several algorithms for detection of recombination events and could not identify any major recombination event (Additional file 1: Table S5 ) [32, 33] . In addition, we removed the putative recombinant regions and reconstructing the Fig. 3 "Reconciled" trees using complete repeats of FLG in human, chimpanzee, gorilla, orangutan, and crab-eating macaque. a "Reconciled" gene tree indicating duplication (red squares) and loss events (light gray italics) from the most common ancestor of these primates: the crab-eating macaque repeats duplicated 11 times, orangutan repeats duplicated 8 times, and gorilla/chimpanzee/human repeats duplicated 18 times, and in human, the counterpart to chimpanzee-repeat 9 was lost, while in chimpanzee, the counterparts to human-repeats 10 and 8 were lost, and in gorilla, the counterpart to human-repeat 2, 9 and 8 and chimpanzee-repeat 8 was lost. b "Reconciled" species tree indicating duplication and loss events in each species from their most common ancestor: crab-eating macaque repeats duplicated 11 times, orangutan repeats duplicated 8 times, gorilla repeats duplicated 6 times, and chimpanzee repeats duplicated 3 times, while the most common ancestor between human and chimpanzee duplicated 6 times, and the most common ancestor between human, chimpanzee, and gorilla duplicated 4 times; and 1 repeat was lost in gorilla, 2 repeats were lost in chimpanzee, and 1 repeat was lost in human. The number of repeats found in each species is provided in parentheses phylogenetic tree resulted in only a few changes to the topology, confirming the low possibility of gene conversion (Additional file 1: Figure S5 ) [34] . A similar finding has previously been reported for the NAT gene family, in which there was no evidence of gene conversion following the combined use of phylogenetic analysis and fine-scale synteny mapping [4] . The birth-and-death model suggests but does not require the presence of pseudogenes. In the NCBI gene database we did not find any filaggrin pseudogenes that include repeats but there are two types of genes that are similar to the complete repeats of filaggrin; filaggrin-2 and filaggrin-like. Filaggrin-2 repeats are shorter than complete filaggrin repeats (225 bp) and we did not consider filaggrin-2 for further analysis. We found filaggrin and filaggrin-like repeats in crab-eating macaque evolved under a similar birth-and-death model with strong selective constrains and positively selected codons were not detected, that is further described in Additional file 1: Supplementary information (Additional file 1: Figure S2C , D and E, Table S6 , S7 and S8).
Several studies have demonstrated that copy number variations due to the duplication or loss of repeats are important in modulating molecular pathways. This includes morphological modifications in dog breeds and craniofacial or digit defects in humans, which have been shown to be due to variation in the length of developmental genes [15, 35] ; an increased in the risk for schizophrenia; and several complex diseases in human caused by heterozygosity [14, 36] or dosage compensation [37] . Additionally, in the case of new gene copies, duplicates under strong purifying selection at the protein level lead to functional divergence of new copies through a process of neofunctionalization or subfunctionalization [3] . FLG encodes profilaggrin, a long polyprotein. Profilaggrin is dephosphorylated and cleaved into filaggrin repeat units. In the outer layers of skin, the repeat units of filaggrin are degraded into free amino acids that are a major determinant of the natural moisturizing factor and maintain the skin overall homeostasis [6] . The amount of filaggrin-degraded aminoacids can be altered by FLG loss-of function mutations and variation in the number of complete repeats. Loss-of-function mutations strongly associate with atopic dermatitis. Atopic dermatitis patients with null-mutations were reported to have decreased levels of PCA and UCA [6] [7] [8] . The number of FLG complete repeats varies from 10 to 12 within human. We found variation in the length of the repeated region within species such as chimpanzee and crabeating macaque and suggest the possibility of repeat variation in these species as seen in human (Additional file 1: Figure S6 ). In human, it was previously reported that the variation in repeats are due to duplicates of repeat 8 and 10. We designed primers for a product from human-repeat 7 to human-repeat 11 and gel electrophoresis showing more clearly this variation (Additional file 1: Figure S6 ). The variation in the number of repeats affects filaggrin degradation products. Increased number of FLG repeats associate with a decreased risk for atopic dermatitis [6, 7] . Therefore, random copy number variation in the FLG repeats within individuals could affect filaggrin degradation products and its functions, and will allow them to adapt more readily to a new environment [22] . In human, the effect of repeat variation was explained as mentioned before; however similar skin disorder or the functional significance of the repeat variation within primates has not been reported. Therefore, further studies are required to verify the functional significance of copy number variation of FLG repeats in primates.
Conclusions
We concluded that the DNA sequences obtained from the NCBI database were not complete and contained several gaps and re-sequenced them using PacBio RSII and MiSeq. This led to the detection of a different number of repeats for chimpanzee, gorilla, orangutan and crab-eating macaque. Also we concluded that FLG repeats evolved under the birth-and-death model, by Repeat order of gorilla, chimpanzee, and human FLG repeats, as inferred by phylogenetic and "reconciled" tree. Gorilla duplicated repeats "C," "D," and "G," chimpanzee and human duplicated repeat "A," and human duplicated repeat "B" are shown. In chimpanzee, the counterpart to human-repeats B-2 has been lost, while in human, the counterpart to chimpanzee-repeat "I" has been lost, and in chimpanzee, the counterparts to human and gorilla-repeat H have been lost. In gorilla, the counterpart to human and chimpanzee repeats B has been lost showing species-specific clusters in crab-eating macaque and orangutan; high nucleotide diversity together with duplication and loss events in each species and the unlikeliness of gene conversion. We conclude that the copy number variation in the complete repeats of FLG across primates is a consequence of species-specific expansions following a long period of divergence.
Methods
Database search for primate FLG sequences
We obtained full-length FLG DNA sequences from the NCBI gene database (http://www.ncbi.nlm.nih.gov/gene/) for the following primates: H. sapiens (NC 000001.11), P. troglodytes (NC 006468.3), G. gorilla (NC 018424.1), P. abelii (NC 012591.1), and M. fascicularis (NC 022272.1). In addition we obtained FLG-like DNA sequences for P. troglodytes (NW 003460518.1) and M. fascicularis (NW 005093011.1 and NC 022274.1). 
Primate samples
Sequencing of FLG in primates using PacBio RSII and MiSeq
We performed long-range PCR of FLG for the crab-eating macaque, orangutan, gorilla, and chimpanzee samples. Primers were designed at specific conserved regions in each species and the human repeat variation region, information about which is summarized in Additional file 1: Table S1 . PCR reactions were performed using a PrimeSTAR® GXL DNA Polymerase kit, with a total reaction volume of 10 μl that included: genomic DNA (20 ng), PrimeSTAR GXL 5× buffer, dNTP mixture (200 μM), forward and reverse primers (0.2 μM each), PrimeSTAR GXL polymerase (0.25 U/10 μl), and water. The PCR conditions were as follows: 94°C initial denaturation for 2 min, followed by 30 cycles each of denaturation (98°C for 10 s) and elongation (68°C for 10 min).
PacBio RS II (Pacific Biosciences, California, USA) is a single molecule, real-time DNA sequencing system that provides exceptionally long read lengths. We used all sequence reads generated by PacBio RSII that were longer than 8 kb. For the de novo and reference analyses, we used the Amplicon module in SMRT Portal and the Hierarchical Genome Assembly Process [19] .
The MiSeq system (Illumina, San Diego, California, USA) was employed to generate high-throughput short reads for the identification of sequence variants. The DNA libraries were sequenced on the MiSeq platform with 350-and 250-bp paired-end modules.
We performed PacBio RSII and MiSeq system sequencing for the following samples 
Identification of FLG repeats in primates
We performed a dot-matrix analysis to detect repeat FLG sequences in primates using the Harrplot 2.1.8 program from GENETYX Corporation. Initially, we compared the FLG sequence in human with that in crab-eating macaque, orangutan, gorilla, and chimpanzee. The matched sequences were then reanalyzed to search for possible repeat regions. Finally, we manually curated the possible repeat regions to determine the correct repeat sequences. Each of the identified repeats was considered an independent unit for the subsequent analyses. The same dot-matrix analysis was repeated with FLG-like sequences from chimpanzee and crab-eating macaque, however we used chimpanzee-repeat 1 and macaque-repeat 1 as references, respectively.
Multiple alignment and phylogenetic analyses
We performed the multiple sequence alignment using the profile alignment for nucleotide and codon in ClustalW implemented in MEGA 6.06 (Additional file 1: Table S2A and B) [38] . Sandilands et al. [27] previously described the nucleotide and amino acid sequences for each repeat in human. We used their sequence of human-repeat 1 as a reference to perform nucleotide and codon multiple alignments with the repeated region previously recognized by dot-matrix analysis and identified the repeats for each species. We then constructed maximum parsimony trees, neighbor-joining trees, and maximum likelihood trees. Maximum parsimony trees were constructed using partial deletions and 1000 bootstrap resampling values. Neighbor-joining trees were constructed by considering pairwise deletions, proportional nucleotide differences (p-distance), and 1000 bootstrap resampling. We compared 25 DNA/Protein models in MEGA 6.06 and the best-fit model was Tamura-Nei + Gamma Distributed with Invariant sites model with an AICc of 15797.8 (Additional file 1: Table S3 ). Maximum likelihood trees were constructed using the following predefined parameters: partial deletions, Tamura-Nei model with a gamma distribution and invariable sites, the nearest-neighbor-interchange heuristic method, and 1000 bootstrap resampling. A cutoff value for the condensed tree was set at 50% ( Fig. 2 ; Additional file 1: Figure S3A and B, Figure S4 A, B and C).
Estimation of polymorphic/variant sites, nucleotide diversity, and ratio of synonymous and nonsynonymous sites using the DNAsp5 program
Ka/Ks is the ratio of the number of nonsynonymous nucleotide substitutions per total number of nonsynonymous sites for each codon (Ka), to the number of synonymous nucleotide substitutions per total number of synonymous sites for each codon (Ks) [39, 40] . We estimated the Ka/Ks ratio for each pair of within-species repeats excluding gaps using the program DNAsp5. The level of purifying selection was then calculated as (1 − Ka/Ks) × 100.
Nucleotide diversity (π), the average number of nucleotide differences per site between sequences, was calculated using the DNA polymorphism option in DNAsp5 [40] .
Likelihood ratio tests for positive selection
Selection on the repeat region of FLG was evaluated using the codon substitution models (Codeml) tool in the PAML package (version 4.7). We compared several pairs of nested models with and without positive selection to be tested in a likelihood ratio framework to examine whether adaptive evolution had occurred [4] .
We used the repeat sequences aligned to humanrepeat 1 and performed three separate analyses: sitebased test, branch-based test, and branch-site test. The site-based test compared models with neutral/negative selection (M1a and M7 (beta)) and positive selection (M2a and M8 (beta and ω)). The branch-based test considered heterogeneity among lineages and compared a free ratio model (where each branch has a different ω) with a one-ratio null model (M0, where ω is fixed to 1 for all branches). The branch-site test was used to evaluate whether the signature of positive selection was evident at a specific branch (foreground) against the rest of the branches (background) in the phylogeny. The Bayes Empirical Bayes approach was used to detect positive selection sites.
In all of the analyses, statistical comparisons of the models were made using likelihood ratio tests, in which twice the log-likelihood difference between the alternative and null models was compared with the critical values from a χ 2 distribution, with the number of degrees of freedom equal to the difference in the number of parameters between the two models. In the branchsite test, the Bonferroni correction was employed for the derived P value, to control for an increased type I error rate when comparing multiple foreground lineages [4, 24, 25, 41] .
Recombination and gene conversion events
We used a range of nonparametric methods in the RDP4 software package to characterize recombination and gene conversion events in the sequence alignments. Six phylogenetic and nucleotide substitution models (RDP, GENECONV, Bootscan, MaxChi, Chimaera, and SiScan) were implemented [32] . The general parameters were set to linear sequences at an acceptable P value of 0.01 after Bonferroni correction. We set phylogenetic evidence, polish breakpoints, and check for alignment consistency as prerequisites for the data processing. The RDP model was used with internal and external references. The G-scale mismatch penalty of GENECONV was changed to 2. Bootscan settings were modified to perform 1000 bootstrap replicates with a cutoff percentage of 95%. SiScan, Chimaera, and MaxChi were run using the default settings [42] [43] [44] [45] [46] .
Inference of gene duplication and loss in the species tree
The parsimony-based algorithm in the NOTUNG program reconciles the species tree that has the better fit for duplication, transfer, loss, and incomplete lineage sorting events from a set of gene trees. The maximum likelihood tree described above was used as the gene tree [28] [29] [30] .
Repeat duplication and divergence time of FLG repeats
Bayesian Evolutionary Analysis Sampling Trees is a cross-platform program for the Bayesian analysis of molecular sequences using Markov chain Monte Carlo to weight potential trees according to their posterior probability. The resulting tree has branch lengths that are proportional to divergence time [47] [48] [49] . We used high and low estimates derived from the dates based on the young and old calibration estimates. Crab-eating macaque repeats have previously been estimated to diverge between 16.3 and 20.8 Mya [50] .
The parameters with the highest effective sample size were the site model TN93, estimation of substitution rate with gamma distribution = 4, log-normal relaxed clock, and birth-and-death model for all three nucleotide positions. 
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